This work investigated the microstructure and elevated-temperature (400-475 o C) tensile and tensile-creep deformation behavior of a powder metallurgy (PM) rolled Ti-6Al-4V-1B(wt.%) alloy. The PM rolled Ti-6Al-4V-1B alloy exhibited a duplex microstructure, and it did not exhibit a strong α-phase texture compared with the PM extruded Ti-6Al-4V-1B alloy. The PM rolled Ti-6Al-4V-1B alloy exhibited greater creep resistance than the PM extruded Ti-6Al-4V-1B alloy as well as the as-cast Ti-6Al-4V-1B alloy.
Introduction
In recent years, a considerable amount of research has been directed towards developing boronmodified titanium (Ti) alloys [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . There are significant benefits for adding boron (B) to Ti alloys. The addition of 1 wt.% of B increases the Young's modulus, yield strength, and ultimate strength values of Ti-6Al-4V (Ti-64) by over 15% both at room-temperature (RT) [16] and 455 o C [8] . The significant increase in strength and E values arises from the strong and stiff TiB phase that precipitates in-situ during solidification [5, 6, 9] . Small B additions do not result in significant density changes, thus the higher strength and stiffness of B-modified alloys provides important increases in specific strength and stiffness. The TiB whiskers also effectively pin grain boundaries during the solidification process so that a fine grain structure is obtained after cooling to the α+β phase field (0.1 wt.% of B addition reduced the as-cast grain size of Ti-64 from 1700m to 200m) [6] . In addition, the thermal expansion coefficient of TiB is very close to that of Ti-64 (8.6x10 -6 /°C for Ti [19] and 7.5x10 -6 /°C for TiB [3] ). These two features lead to significant benefits for the thermomechanical processing and heat treatment of B-modified Ti-64.
B-modified Ti alloys can be produced via traditional ingot metallurgy (IM) and powder metallurgy (PM) processes. They can also be themomechanically processed using rolling, extruding and forging. The current authors have evaluated the elevated-temperature creep behavior of as-cast and cast-and-extruded Ti-64, Ti-64-0.1B, and Ti-64-1B alloys [15] . That work found that the creep resistance of the as-cast alloys significantly improved with increased B concentration, where an order of magnitude decrease in the secondary creep rate was observed between the Ti-64-1B and Ti-64 as-cast alloys. The enhanced creep resistance was attributed to load sharing by the TiB whiskers. For the same nominal B contents, the cast-and-extruded alloys exhibited significantly greater creep resistance, tensile strength, and fatigue resistance than the as-cast alloys [8, 15] . This was explained as an effect of the α-phase texture and the decreased lath spacing in the cast-then-extruded alloys compared with the as-cast alloys. The creep behavior of the PM extruded Ti-64-1B alloy was also studied previously [18] . In-situ tensile-creep observations indicated that the TiB whisker cracking occurred prior to crack formation in the α and β phases. The secondary creep rates of the PM extruded Ti-64-1B alloy were similar to that for the as-cast Ti-64-1B alloy and significantly lower than those for the as-cast Ti-64 alloy. The current study focused on the microstructure and elevated-temperature tensile and creep behavior of a PM processed Ti-64-1B alloy after hot rolling. The results were compared with those of as-cast and PM extruded Ti-64-1B alloys.
Experimental
Materials Processing. The pre-alloyed Ti-64-1B powder was made by induction skull melting followed by inert gas atomization at Crucible Research Corporation (Pittsburgh, PA). The composition of the pre-alloyed powder was measured through inductively coupled plasma optical emission spectroscopy and inert gas fluorescence, see Table I . The Ti-64-1B powder was classified as -35 mesh (<500m in diameter) [20] . Degassing, sealing, HIPping, and heat treatment were performed according to the schedule depicted in Figure 1 . Two Ti-64-1B powder compacts, weighing 1.6 kN (360 lbs) each were HIPped at 1018 o C/103MPa for three hours followed by heat treatment at 1300 o C for 6 hours at Bodycote in London, OH. The material was delivered to the Manufacturing Sciences Corporation (MSC) in Oak Ridge, TN for rolling. The MSC Oak Ridge facility used a four-high reversing mill with 47 cm diameter rolls and 22.2 x 10 3 kN of separating force. The billet was loaded into a furnace and heated to 1100 o C. Each billet was held for several hours in the furnace to ensure thermal soak, and was then transferred to the rolling mill with a total transfer time of about 30 seconds. After the first round of 8 passes was conducted on the bill, the surface temperature dropped to 950 o C (β transus temperature is ~1000 o C). The plate was then reheated to 1100 o C. The heating-rolling process was done three times in total. The plate was cut into two pieces and flattened and stress relief annealed at 760°C for 1 hour and air cooled. This represented the PM rolled condition. No post-processing heat treatments were performed prior to mechanical testing. 
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Cost-Affordable Titanium III Microstructural Characterization. The as-processed materials were prepared for imaging using conventional metallography techniques, and scanning electron microscopy (SEM) was used to examine the α-phase grain size, the α-and β-lath widths, the phase distributions and their morphologies. Phase volume percents and lath widths were determined using ImageJ image analysis software on several backscatter electron (BSE) SEM photomicrographs acquired using a CamScan44FE Field Emission SEM or an XL-30 (FEI, Inc.) field emission gun SEM. The lath widths of the alloy were measured perpendicular to the longitudinal axis of the laths for over 300 laths for each of the α and β phases. The average grain diameters (over 300 grains were measured) were multiplied by 1.74 to obtain the average grain size of equiaxed α-grain.
In order to determine the weight percentages of Ti, Al, V, and B in the TiB, α and β phases, microprobe analysis was conducted on mounted and polished samples using a JEOL JXA-8200 WD/ED combined microanalyzer operated at 10kV and an emission current of approximately 55nA. The low accelerating voltage used was chosen to minimize the overlap from the α+β phases and the TiB whiskers. The standards used were TiB 2 for Ti and B as well as pure Al and V metals for Al and V. The crystals used were LiFH for V and Ti, TAP for Al and a LDE 2 for B. X-ray Diffraction (XRD) 2 scans were collected from 20-120 at a step size of 0.0167 using a X'Pert Pro MPD diffractometer (PANalytical, Inc., Almelo, Netherlands) with copper Kα radiation.
Tensile Experiments. Tensile tests were performed on Ti-64-1B alloys at a temperature of 455°C at a strain rate of 10 -3 s -1 using a servohydraulic testing machine described elsewhere [21] . Prior to testing, the 125mm-long samples were electro-discharge machined (EDM) into a flat dogbone geometry and the EDM recast layers were removed by silicon carbide paper grinding through a 600 grit finish. Strain was measured during the tensile tests with an alumina-arm extensometer attached directly to the heated gage section of the sample. The samples were allowed to soak at the desired temperature for 15 minutes prior to tensile testing.
Creep Experiments. Dogbone-shaped tensile-creep specimens were machined via electrical discharge machining (EDM). Recast layers, which formed during EDM, were removed through silicon carbide paper grinding to a 600-grit finish. Open-air, constant-load tensile-creep experiments were performed on vertical load frames, manufactured by Applied Test System, Incorporated (Butler, PA), equipped with lever arms. The test temperatures and applied stresses ranged between 400°C-475°C and 450-600MPa, respectively. The creep strain-life behavior was documented throughout the experiments. Strain was monitored using a linear variable differential transformer on a 25mm gage-length high-temperature extensometer. Specimen temperatures were monitored by three chromel-alumel type K thermocouples located within the specimen's reduced section. The test specimens were soaked at the creep test temperature for at least one hour prior to applying load in order to minimize the thermal stresses. After testing for approximately 300 hours, the tested specimens were cooled under load to minimize recovery of the deformed structures.
In addition to the creep experiments described above, creep rupture experiments were performed at 450MPa at the following temperatures: 455°C, 475°C, 500°C, and 525°C. For these experiments, the creep rupture time was recorded and compared to those for Ti-64 alloys.
Results and Discussion
Microstructure. Table II lists the average volume percents of the TiB and β phases for the PM processed alloy along with the equiaxed α grain size and average α-and β-lath widths. The volume percents of the β phase was approximately 15% while the volume percent of the α phase was approximately 79%. The volume fraction of TiB phase was approximately 5.9 vol.%. Photomicrographs of the microstructure are illustrated in Figure 2 . The crystal structures of the α-Ti, β-Ti, and TiB phases are hexagonal, body-centered cubic and orthorhombic, respectively. The PM-rolled Ti-64-1B alloy exhibited a duplex microstructure, which contained both lenticular and equiaxed α phase. The equiaxed α-phase grain diameter was 7.4 m. During the rolling process, the billet surface temperature dropped to 950 o C, which is below the β transus temperature (999+14 o C [23] ). The rolling process following by the 760 o C annealing treatment likely introduced some equiaxed α phase into the alloy microstructure. The microprobe data, see Table III , showed that the β-phase was enriched with V, and the α-phase was enriched with Al and Ti. There was not any detectable amount of B in either the α or β phases. There was approximately 3.4 wt.% V (1.9 at.%) in the TiB phase. Figure 3 illustrates XRD Intensity versus 2θ plots. The plots were acquired for the three orientations of the rolled plate, namely face, longitudinal, and transverse. The analysis suggested that there was not a strong α-phase texture developed in the PM rolled Ti-64-1B alloy. Table IV , its ε f value is significantly higher. In general, duplex microstructures exhibit higher  f values compared with fully-equaxed microstructures [22] . This may be one reason why the PM rolled Ti-64-1B exhibited a higher ε f than the as-cast Ti-64-1B alloy. The YS and UTS values of the PM rolled and as-cast alloys were significantly lower than the PM extruded alloy. As has been described in the previous study, the α phase of the PM extruded Ti-64-1B alloy was strongly textured with the basal plane perpendicular to the extrusion axis [17, 18] , which is the reason why the PM extruded Ti-64-1B alloy exhibited higher E value than the PM rolled Ti-64-1B alloy. A strong α-phase texture also resulted in a higher E value for the cast-andextruded Ti-64-xB alloys [8] . Gorsse and Miracle [9] studied the influence of TiB phase orientation on the tensile properties of PM processed Ti-64/TiB composites at RT and 300 o C. Their results show that the tensile strength and E values of the composites with aligned TiB phase were always higher than composites with randomly-oriented TiB phase. Thus, in the current study, both the alignment of the TiB phase and the α-phase texture in the PM extruded Ti-64-1B alloy contributed to its higher tensile strength and E value compared with the PM rolled Ti-64-1B alloy. In each alloy, extensive TiB-phase cracking was evident in the fractured samples.
Creep Behavior. Creep strain versus time curves obtained for the PM processed Ti-64-1B alloys are shown in Figure 4 . In general, the PM rolled Ti-64-1B alloy exhibited lower creep strains and strain rates than the PM extruded Ti-64-1B alloy. The creep stress exponent (n), calculated using the minimum creep rate versus stress plots shown in Figure 5 , was 6.6 at 400 o C and 10.7 at 455 o C for the PM rolled Ti-64-1B alloy. The apparent activation energy value (Q app ) at 450MPa was 257 kJ/mol for the PM rolled Ti-64-1B alloy (see Figure 6a ). The Q app for the PM rolled Ti-64-1B alloy at 550MPa was 261 kJ/mol (see Figure 6b ). For both the PM processed Ti-64-1B alloys' microstructures, no phase instability was observed on the post-creep gage sections. In such cases the measured volume fractions of the TiB, α, and β phases were similar both before and after the experiments. TiB-phase cracking was evident in the post-tested samples. The measured apparent activation energy values for the PM alloys were similar to that measured for the as-cast Ti-64-xB alloys under similar stresses and temperatures [15] . In addition, the PM Ti-64-1B alloy exhibited lower minimum creep rates than those for as-cast Ti-64-1B and
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Cost-Affordable Titanium III Ti-64 [15] . For comparison, the creep rate of the PM rolled Ti-64-1B alloy was 1.5x10 -8 The data from the creep rupture experiments is provided in Figure 7 . It is evident from these plots that the Larson-Miller Parameter is greater for the Ti-64-1B alloy compared to Ti-64. Figure 7 . Stress versus Larson-Miller Parameter (LMP) comparing the creep rupture data for the studied Ti-64-1B alloy with data for Ti-64 alloys taken from reference 19.
Summary
Unlike that for the PM extruded Ti-64-1B alloy, there was no significant α-phase texture developed for the studied PM processed and rolled Ti-64-1B alloy. The rolling process resulted in a duplex α+β microstructure and lower tensile strength than that for the equiaxed PM extruded Ti-64-1B alloy. However, the creep resistance of the PM rolled Ti-64-1B alloy was greater than that for the PM extruded Ti-64-1B alloy. Both PM processed Ti-64-1B alloys exhibited tensile and creep properties superior to the as-cast Ti-64-1B and Ti-64 alloys. Overall, this work suggests that the PM rolled Ti-64-1B alloy may serve as an adequate replacement for elevated-temperature applications of Ti-64.
